The metal-organic frameworks (MOFs) MIL-100(Fe), Cu-BTC and CPO-27(Ni) were synthesised in 1 kg batches. The materials were then formed in two different industrially relevant ways. Firstly, dry granulation was used to produce pellets which were sieved to give material with a 300-1000 mm size, and the fines were subsequently recycled to mimic a large scale industrial process. Secondly, wet granulation with a polymer was used to produce granules which were again sieved to 300-1000 mm. XRD data shows that the structures of MIL-100(Fe) and CPO-27(Ni) remain intact during both forming processes, whilst Cu-BTC is shown to degrade during processing. This is in line with the ammonia adsorption data obtained for the formed materials which evaluated the ammonia adsorption capacity of the materials using breakthrough measurements. MIL-100(Fe) and CPO-27(Ni) are shown to have capacities of 47 mg g À1 and 62 mg g À1 respectively whilst Cu-BTC has a decreased capacity of 37 mg g À1 from 97 mg g À1 upon forming. The formed materials were also aged at 25 C and 80% humidity for a week and the ammonia adsorption capacity re-evaluated. As expected, Cu-BTC decomposed under these conditions, whilst MIL-100(Fe) and show slightly decreased ammonia adsorption capacities of 36 mg g À1 and 60 mg g À1 respectively.
Introduction
The National Institute of Occupational Safety and Health (NIOSH) certies respiratory lters for protection against a wide range of chemical gases, for example ammonia (NH 3 ), hydrogen sulphide (H 2 S) and hydrogen chloride (HCl). Current respiratory protection lters use impregnated activated carbon to provide this broad-spectrum protection. Given the chemical variety of toxic gases it is no surprise that the adsorption performance of activated carbon varies across the gases. Impregnation of a range of inorganic and organic compounds with acidic and basic functionality can result in limitations to the effectiveness of the material for individual toxic gas components. Though activated carbon can be optimised for a specic gas, it may not be the most effective means of removing some chemicals.
An alternative approach may be offered by the use of other adsorbent materials specically targeted at individual gases which can allow for an overall improvement in the lter performance when combined with activated carbon. 1 The use of metalorganic frameworks (MOFs) for the adsorption of toxic gases has been investigated 2, 3 due to the tunability of the materials. MOFs provide highly porous structures into which specic functionality can be designed. The selection of metal centres and organic ligands allows materials to be produced with target applications in mind. As a result, MOFs have been investigated for a range of different applications including catalysis, 4 gas storage, 5 gas separations 6 and toxic industrial chemical (TIC) degradation. 7 For example, NU-1000 has been shown to catalytically degrade dimethyl-4-nitrophenyl phosphate. 7 However, more commonly MOFs have been investigated as adsorbents for TIC removal in respiratory protection applications with a range of gases. The adsorption of hydrogen sulphide, 8 chlorine, 9 nitrogen oxide 10 and ammonia 11 into MOF materials have all been studied and generally the incorporation of a specic chemical functionality aids adsorption.
The use of MOFs for the adsorption of ammonia in respiratory protection applications has been investigated in detail. Several reports have systematically investigated different MOFs for ammonia adsorption including the CPO-27/MOF-74 series of materials. This series allows for the investigation of ammonia adsorption onto different vacant metal sites without altering the topology of the MOF. 12 Other reports have used the UiO-66 series of materials to investigate how ligand functionality can impact the MOFs' ammonia adsorption capacity with functionalities that can hydrogen bond to ammonia, increasing material performance.
13
The forming of MOFs into granules, 14 extrudates 15 and pellets 16 has previously been reported, along with the effect the forming process has on the structure of the MOF and the surface area. The addition of a binder and the amount can also have an impact on the material properties.
17
This paper aims to investigate three MOFs, MIL-100(Fe), Cu-BTC and CPO-27(Ni), which have been synthesised at a 1 kg scale 18 and formed in industrially relevant processes. These three materials have previously been studied 11 for ammonia adsorption within the literature. Here they have been evaluated for ammonia adsorption capacity using breakthrough measurements, which are compared to an activated carbon currently used within respiratory protection lters. We present the performance of the materials whilst considering the commercial aspects of a respiratory protection product. This included forming the MOF to produce particles with a size range of 300-1000 mm. Testing of the formed materials was completed under conditions appropriate for this application: humid conditions, relevant space velocity and challenge concentrations. The formed samples were aged in conditions comparable to those in the NIOSH specications to investigate the impact of ageing on the ammonia adsorption performance of the MOFs. NIOSH specications for respiratory protection devices also detail a drop test and a vibration test, these tests are used to investigate the robustness of the device and the adsorption material. Here we report an attrition test completed on the formed samples to investigate this.
The three materials reported here were selected to investigate the different issues surrounding a respiratory protection product where cost, performance and stability all need to be considered.
Experimental
All materials were purchased from Sigma Aldrich or Alfa Aesar and used as received. Powder X-ray diffraction (XRD) measurements were collected using a Bruker AXS D8 Advance instrument in the parallel beam mode with an Anton Parr HTK1200N sample chamber using Cu K a radiation at room temperature with a step size of 0.0223 in two theta (2q) and a 3-100 range. and cooled to room temperature. The red product was isolated using centrifugation (4000 rpm, 20 min) and washed three times in a 1 : 1 water : ethanol mixture before being dried in ambient conditions.
Synthesis of CPO-27(Ni)
Ni(OH) 2 and 2,5-dihydroxyterephthalic acid were stirred in water with the following molar ratio (1 : 2 : 98). The resulting mixture was stirred and heated to 90 C for 18 hours. The resulting dark yellow solid was isolated by vacuum ltration, washed with warm water, and dried at 40 C overnight.
General procedure for dry granulation
To produce MOF_1 the MOF (2.0 g) was pressed using a 4.5 cm die, considering the force per area the pressure applied to the die was 58.6 MPa. The MOF was pressed for a total of 2 minutes before the resulting pellet was crushed and sieved to give particles with a 300-1000 mm size range.
For the repeated pressing study particles isolated below 300 mm were repressed under the above conditions a further ve times to afford MOF_2 samples.
General procedure for wet granulation
To produce MOF_3 materials, the MOF (1.0 g) and poly-vinyl alcohol (PVA, 2% by weight) were granulated with water (0.25 ml). The resulting granules were sieved to a 300-1000 mm size range. It is worth noting that it was possible to form granules with the use of little or no binder (<2%), but these tended to be less uniform than those made from a mixture containing a larger amount of binder.
General procedure for the ageing of formed materials
To produce MOF_4 samples, MOF_1 (2 g) was placed in an open container in a humidity controlled chamber at 40 C and 80% humidity for 7 days. The resulting aged MOF was characterised and tested for ammonia adsorption performance.
General procedure for the attrition test
The MOF (0.2 g) was placed in a small vial which was rolled for 18 hours on a roller mill. The MOF was then sieved to remove all the material below 300 mm and the remaining material weighed.
General procedure for ammonia adsorption test
The formed MOF ($0.1 g) was placed into a plug ow reactor with an internal diameter of 8 cm, and the reactor bed was packed to a height of 4 mm. A gas stream with a ow rate of 500 ml min À1 of ammonia (500 ppm) in nitrogen with 20% oxygen was humidied to an RH of 40%. This stream was passed through the packed bed and analysed using FTIR. The MOF was not pre-treated prior to the experiment. The error within the test was evaluated using a commercial mordenite material and was found to be 4 mg g À1 . The ammonia adsorption capacity and breakthrough times reported here are the average of two experimental runs.
Results and discussion
Each of the materials discussed within this paper is known to adsorb ammonia, however here we discuss various ways to form the three selected MOFs into shapes applicable for respiratory applications. The MOFs have been granulated in two ways; dry granulation and wet granulation. These two techniques were investigated due to their industrial relevance. The studies completed with MIL-100(Fe), Cu-BTC and CPO-27(Ni) are described here.
Dry granulation is a large scale industrial technique which compacts material and produces non-uniformly shaped pellets. These pellets are then sieved to the application specic size. Material below this size range is recycled to increase the yield of particles in the correct size range. For many materials i.e. carbons this repeated compaction has little impact on the performance of the nal product, however, it is thought that repeated compaction may have a more signicant impact on MOF materials. To determine how dry granulation affects the structure and the surface area of the MOFs discussed here, materials were pressed and sieved, and the resulting pellets were characterised and tested (MOF_1). The nes (particles < 300 mm) obtained during the sieving step were re-pressed and sieved to the correct size. This process was repeated a total of ve times to mimic the large scale industrial process and investigate the how robust the MOF materials were to repeated compaction. Isolated pellets which were pressed a total of ve times are noted as MOF_2, and these pellets were characterised and their ammonia adsorption capacity measured. The secondary forming method investigated was wet granulation, a common industrial process used to produce spherical-like granules. Optimisation of the granulation process to increase the yield of particles in the correct size range is more challenging. Here we report samples made during a small-scale development study. A binding polymer was added to the MOF to produce robust granules. Here we report samples which were produced with the addition of 2% polymer, these are referred to as MOF_3. The granules produced were sieved to the desired particle range prior to characterisation and performance testing.
The ammonia adsorption performance of the shaped MOFs was tested using a plug-ow reactor to obtain breakthrough curves. All breakthrough experiments were completed under humid conditions (40% RH), with a challenge concentration of 500 ppm ammonia. The data obtained was used to calculate the ammonia capacity for each sample. Testing the formed MOFs under these conditions is representative of the NIOSH specications and gives an indication of how the material would perform in a respiratory protection device.
For a respiratory protection device, there are three types of ageing test within the device specications: a hot, a cold and a humidity ageing test. Here we report the humidity ageing of the formed MOFs (MOF_4). MOF_1 samples were aged at 25 C in 80% humidity for 7 days before being fully characterised and tested. We also detail an attrition test which was completed to investigate the robustness of the formed materials. This is an in-house test which has been used to compare the materials to each other. Whilst unlikely to be representative of the NIOSH specication test it has been used to give a qualitative assessment of the material properties.
In the following sections the characterisation data and ammonia adsorption capacity of the materials produced is detailed by MOF. Table 1 shows a summary of the sample labels for reference.
CPO-27(Ni)
CPO-27(Ni) was synthesised under aqueous conditions at kilogram scale. Fig. 1 shows the powder XRD pattern for as-synthesised CPO-27(Ni). This is compared to the powder pattern simulated from the crystal structure and the XRD patterns of the formed samples. Rietveld renement of the as-synthesised material shows the sample to be phase pure CPO-27(Ni). The XRD patterns of CPO-27(Ni)_1 and CPO-27(Ni)_2 show that the structure is retained, indicating that repeated compaction during dry granulation has little impact on the structure of CPO-27(Ni). The crystal structure is also retained for the wet granulated material (CPO-27(Ni)_3) and the aged sample (CPO-27(Ni)_4).
Whilst the XRD data suggests there is little change in the structure of the MOF, the calculated BET surface area shows larger variation between the samples ( Table 2 ). The surface area measurements show that the compaction of the assynthesised CPO-27(Ni) causes a decrease in surface area. As the sample is repeatedly compacted the surface area continues to decrease (CPO-27(Ni)_2). This is not unexpected and has been previously reported by Peterson et al. 21 Interestingly, the sample which had been wet granulated (CPO-27(Ni)_3) showed an Fig. 1 Powder X-ray diffraction data of as-synthesised CPO-27(Ni) compared to the formed and aged samples; the calculated pattern of CPO-27(Ni) was simulated from the crystal structure. increased surface area. Currently the reason for this is unclear and work is ongoing to investigate this further. The aged sample, CPO-27(Ni)_4, shows the lowest surface area measured, suggesting there is some decomposition of the material during humidity ageing which is not observable in the powder XRD data. The ammonia adsorption capacity of the formed materials was evaluated. Fig. 2 shows the breakthrough curves for the CPO-27(Ni) samples. Notably the assynthesised powder sample was not tested due to back pressure issues encountered. The breakthrough curves were used to calculate the ammonia adsorption capacity of each sample and identify the breakthrough time at 12.5 ppm ammonia. These are shown in Table 3 .
The breakthrough time has been recorded at 12.5 ppm as this is the ammonia limit set within NIOSH specications for respiratory protection devices. An activated carbon sample was also tested so that the results obtained could be compared to a control sample. The breakthrough curves show that the CPO-27(Ni) samples have a signicantly increased ammonia capacity and breakthrough concentration time over the activated carbon sample.
The ammonia adsorption capacity (Table 3) of the wet granulated sample CPO-27(Ni)_3 is lower than that of the dry granulated samples (CPO-27(Ni)_1 and CPO-27(Ni)_2). Whilst the ammonia capacity of CPO-27(Ni)_2 is comparable to CPO-27(Ni)_1, the breakthrough time is reduced. This is also observed for the aged sample CPO-27(Ni)_4, although the ammonia capacity is comparable to the unaged sample CPO-27(Ni)_1 the breakthrough time is more than halved. It is of note that the shape of the breakthrough curve for CPO-27(Ni)_4 is different to CPO-27(Ni)_1, indicating that the kinetics of adsorption have changed and that much of the ammonia capacity is in the high concentration ammonia region. This is also the case for CPO-27(Ni)_2. For respiratory protection devices, having additional capacity within this region is not ideal as it is not utilised.
The data obtained from the attrition test shows that, as expected, repeated compaction produces more robust granules, exemplied by CPO-27(Ni)_2. It can also be seen that the use of a binder in CPO-27(Ni)_3 has a positive impact on the robustness of the granules when compared to CPO-27(Ni)_1. The aged material CPO-27(Ni)_4 is shown to have a large percentage loss suggesting that whilst ageing the material may not have a large impact on the ammonia capacity, the strength of the granules is adversely impacted. Further work to improve the robustness of the CPO-27(Ni) granules is ongoing, however the data presented here shows the increased ammonia adsorption capacity of CPO-27(Ni) when compared to activated carbon.
MIL-100(Fe)
MIL-100(Fe) was synthesised under aqueous conditions and washed with a 1 : 1 ethanol/water mixture. The main issue encountered during the scale-up synthesis is the isolation of the product. Vacuum ltration of the material is slow due to the small particle size produced. A study investigating occulation of the material was completed, however this proved unsuccessful. Due to the slow ltration, the nal product was isolated by centrifugation. Fig. 3 shows the measured powder XRD data for the as-synthesised MIL-100(Fe) compared to the simulated powder pattern. Rietveld renement of the powder pattern shows the material to be phase pure MIL-100(Fe). The formed samples are also shown to be phase pure MIL-100(Fe) as is the aged material, MIL-100(Fe)_4.
As-synthesised MIL-100(Fe) has a BET surface area of 1212 m 2 g À1 , comparable
to literature values. 22 Table 4 shows the surface area values for the MIL-100(Fe) materials. Forming MIL-100(Fe) using dry granulation (MIL-100(Fe)_1 and MIL-100(Fe)_2) results in a decrease in surface area, as seen with CPO-27(Ni). MIL-100(Fe)_4 also shows a decrease in surface area when compared to MIL-100(Fe) _1, indicating that humidity ageing of the material does have an impact on the material despite powder XRD data showing that MIL-100(Fe)_4 is phase pure. Addition of the polymer for wet granulation is shown to have little impact on the surface area of MIL-100(Fe)_3, unlike the wet granulated CPO-27(Ni). Table 5 shows the ammonia adsorption capacity and breakthrough time at 12.5 ppm ammonia for the formed MIL-100(Fe) samples. The dry granulated sample MIL-100(Fe)_2 has a lower ammonia capacity and a shorter breakthrough time than MIL-100(Fe)_1, showing that repeated compaction of the material has an impact on the performance. MIL-100(Fe)_4 shows a larger decrease in both the capacity and breakthrough time, indicating the adverse effect of ageing the MOF under humid conditions. The wet granulated sample MIL-100(Fe)_3 shows a slightly increased ammonia capacity when compared to MIL-100(Fe)_1, however, when the error within the test is considered the difference in the data is small, suggesting the addition of the polymer has a negligible impact on the MOF. The attrition test data shows all the formed samples produced to be relatively robust. However, as with CPO-27(Ni)_4 the aged sample MIL-100(Fe)_4 shows an increased mass loss compared with the other materials. Humidity ageing was completed on the dry granulated MIL-100(Fe)_1, and work is currently underway to study the ageing effects on the wet granulated material.
Cu-BTC
Cu-BTC was synthesised in a water/methanol solvent mixture and washed with methanol. It is of note that washing the material with water alone results in a different material which was not identied. Fig. 4 shows the measured XRD patterns for the Cu-BTC samples. As-synthesised Cu-BTC was activated at 120 C Fig. 3 Powder X-ray diffraction data of as-synthesised MIL-100(Fe) compared to the formed and aged samples; the calculated pattern of MIL-100(Fe) was simulated from the crystal structure. under vacuum and subsequently hydrated by exposure to the ambient atmosphere prior to forming. The XRD patterns of the formed samples show that only Cu-BTC_1 retains the Cu-BTC structure, this was conrmed by the Rietveld renement. Repeated compaction of the nes produced Cu-BTC_2, and the XRD data shows that this has caused the structure to decompose. This decomposition can also be observed in the colour of the material. Fig. 5 shows an image of the dry granulated Cu-BTC pellets; aer each cycle of compaction the colour of the sample changes.
Using the powder XRD patterns of Cu-BTC_2, _3 and _4, phase identication of the samples was attempted; this showed that the materials consist of a mixed phase system, containing hydrogen triaquabenzene-1,3,5-tricarboxylate copper(II) along with a second decomposition product. To the best of our knowledge the identity of the Cu-BTC decomposition product has not yet been identied in the literature. Table 6 shows the BET surface area of the Cu-BTC samples. Whilst the initial compaction results in a slight loss of surface area, the decomposition of the Cu-BTC structure causes a larger decrease in the BET surface area, which is observed for Cu-BTC_2. Wet granulation of Cu-BTC (Cu-BTC_3) and ageing of the material (Cu-BTC_4) results in the same decomposed structure and loss of surface area. The change in structure also results in a decrease in the ammonia adsorption capacity and breakthrough time, shown in Table 7 . The ammonia adsorption capacity of Cu-BTC_1 is, as expected, the highest of all the materials reported within this paper. Repeated compaction of Cu-BTC results in a decrease in capacity and breakthrough time, exemplied by Cu-BTC_2. Cu-BTC_4 shows a decreased ammonia adsorption capacity and a much-reduced breakthrough time when compared to Cu-BTC_1, showing the impact ageing the material in humid conditions has on the performance.
The attrition test shows that decomposition of Cu-BTC during repeated compaction does not have a massive impact on the robustness of the granules, with an 18% loss for Cu-BTC_1 and a 17% loss for Cu-BTC_2. This contrasts with the aged material Cu-BTC_4 which decomposed during the ageing test and has a much larger percentage loss. Interestingly, part of this loss was due to oversized granules >1000 mm, indicating that some granules had agglomerated. The change in structure and subsequent reduced ammonia adsorption performance of Cu-BTC upon granulation and ageing suggests that the material may not be robust enough for respiratory protection devices.
Conclusions
Three MOFs have been synthesised at a 1 kilogram scale and the resulting products have been formed via wet and dry granulation routes. The materials have been shown to produce pellets and granules using different industrially relevant processes. The formed materials were subsequently tested for ammonia adsorption using breakthrough measurements.
CPO-27(Ni) is shown to have good ammonia adsorption capacity in both dry and wet granulated forms. The data shows that wet granulated samples have a lower capacity than the dry granulated materials, indicating that in this case compaction may be the preferred method of forming for this MOF. Ageing the sample has little impact on the ammonia capacity of the material although it does decease the breakthrough time, and from the shape of the breakthrough curve it can be seen that the kinetics of adsorption change.
MIL-100(Fe) is shown to have the lowest fresh ammonia adsorption capacity of the three MOFs investigated here. Repeated dry granulation has a small impact on the capacity of the MOF but a larger impact on the breakthrough time when compared to MIL-100(Fe)_1. It is interesting that wet granulation with 2% polymer (MIL-100(Fe)_3) produces granules which have both a good ammonia adsorption capacity and breakthrough time. Ageing MIL-100(Fe) results in a small decrease in capacity and a large decrease in breakthrough time, this again is due to a change in the kinetics of adsorption.
It has been shown that Cu-BTC can be granulated using dry granulation, however repeated dry granulation, completed to reduce waste, results in decomposition of the MOF. Cu-BTC_1 has been shown to have the highest fresh ammonia adsorption capacity of the three MOFs reported here. However, ageing of the sample results in a signicant change in the structure and a decrease in ammonia capacity. In the data presented here it has not been possible to form Cu-BTC in the industrially relevant ways investigated whilst retaining high ammonia adsorption capacities. Forming Cu-BTC in relevant conditions and investigating the resulting stability of the material requires further work.
The data presented here indicates that overall CPO-27(Ni) is the preferred MOF for use in the adsorption of ammonia within respiratory protection devices. However, each of the MOFs reported here has drawbacks: Cu-BTC has stability problems during forming, MIL-100(Fe) has a lower performance compared to both CPO-27(Ni) and Cu-BTC, and CPO-27(Ni) is costly to synthesise. These three material properties, stability, performance and cost, all need to be considered when producing a respiratory protection device.
